In the future, an additional potential of control reserve as well as storage capacities will be required to compensate fluctuating renewable energy availability. The operation of energy systems will change and flexibility in energy generation and consumption will rise to a valuable asset. Wastewater 
INTRODUCTION
Water and energy systems are strongly linked but are mostly managed independently. Energy is needed to pump, purify, distribute and use water -so is water to produce and use energy. The future will differ from the past in terms of technology, efficiency and political decision making, which present important challenges to both sectors (DOE ). One of these new challenges will arise due to a high share of fluctuating renewable energy generation leading to an additional need for control reserve as well as storage capacities. This demand is caused by the abandonment of nuclear power and the reduction of fossil-based energy production, which in the past covered a large part of the basic load. In Germany, the demand is more urgent due to the commitment to raise the part of renewable energy to 80% by 2050 (BMWi ). In the traditional way, energy is delivered from big base-load power plants to the consumers. In the future a multi-directional flow from small decentralised power plants to consumers who are able to operate as a producer as well is possible. Under these circumstances, the operation of energy grids driven by solar and wind-based energy production won't be sustainable, and the arising energy surpluses and deficits have to be balanced by flexible energy generators and consumers in terms of ancillary and system services. This will face providers with new challenges for system operation (Sterner & Stadler ) . The flexibility needed is defined as a modification to the energetic consumption pattern in the forms of time and quantity (York & Kushler ) and is divided into two effective directions:
• positive flexibility: energy production is increased and energy consumption is reduced;
• negative flexibility: energy production is reduced and energy consumption is increased.
Small decentralised units are able to provide that flexibility (Huneke et al. ) . The integration of widely available wastewater treatment plants (WWTPs) with anaerobic sludge digestion could be a suitable part of the solution with their electrical consumers, energy production via combined heat and power (CHP) units, as well as gas storage units to provide the needed (energetic) flexibility (Schäfer et al. ) . So far, the main focus of attention is on big emergency power generators or CHP units that can meet the needed technical requirements for participation in energy markets by pooling them in a virtual power plant (VPP) by a so called 'pooler' (ASUE ). In recent years WWTPs have received more and more focus for pooling their energy production units, leading even to own WWTP-pools with a special focus on their own framework (WVE ). Furthermore, innovative approaches with controlled gas production to increase energetic flexibility are shown in Hien & Hansen () and Lensch et al. () . However, not only CHP units and emergency power systems are able to provide flexibility. Several other aggregates on WWTPs are capable of providing flexibility as well. Especially aeration systems, which represent more than 65% of the overall energy consumption of WWTPs (Kolisch & Mergelmeyer ) Nowak et al. ) . In these studies, aggregates are chosen from practical experience (plant operators) and rough assumptions for a single plant. A 'guideline' for choosing potential aggregates or even including control parameters and the conditions of their usage are not stated or published. Apart from this, technical restrictions and specifications which have to be met to participate in potential flexibility markets are not considered. The focus of this research will be on evaluation of present knowledge and own studies in terms of load-shifting to build a data basis to examine electrical flexibility and verify the procedure at a pilot WWTP to derive assessments for providing flexibility. It should not be considered as a marketing concept to participate in energy markets in general, but to make a contribution for WWTPs to define the position regarding the potential of energetic flexibility, independent from the specific use (e.g. balancing the transmission grid, distribution grids or internal load-shifting). There is a gap of knowledge for a consistent approach to identify aggregates and which requirements they have to meet regarding start-up time, regeneration time, and the borders of existing switch-off times for specific aggregates and their control parameters to guarantee effluent quality.
MATERIAL AND METHODS

Basic data
Description of the pilot plant
The pilot WWTP is designed as an activated sludge plant with anaerobic sludge digestion and an influent load of about 58,000 population equivalents (PE) in 2014 (related to 120 g COD/PE).
The first stage of treatment consists of a screen, an aerated grit chamber and a primary sedimentation tank with solids retention time of 60 min. The second stage consists of two activated sludge aeration tanks with a total volume of 19,536 m 3 (13,536 m 3 þ 6,000 m 3 ). The first basin is a two stage cascade with pre-denitrification. The ratio of denitrification volume to overall volume of the aeration tank (V D /V BB ) can be adjusted via variable usable chambers. The second four-line aeration tank is operated through intermittent aeration without agitators. The aeration is controlled by means of an on-line ammonia (NH 4 ) and nitrate (NO 3 ) analyser located at the effluent from the first and second aeration basin to ensure full nitrification. Phosphorus removal is assured by simultaneous precipitation in the first aeration tank. In three secondary sedimentation tanks, the effluent is clarified. Surplus sludge is mechanically thickened and, together with thickened primary sludge, is fed into two digestion tanks with 1,440 m 3 each. The digested sludge is thickened and drained by two chamber filter presses. A flow chart of the plant is given in Figure 1 . In the anaerobic sludge digestor around 17.33 l/(PE · d) raw biogas with a methane (CH 4 ) content of 58% is generated, producing 12.54 kWh/(PE · a) of electric power with two CHP units (2 · 80 kW el ). As a result the WWTP covers 42.3% of its total energy demand of 29.6 kWh/(PE · a) with its own digester gas. 13.8 kWh/ (PE · a) are used for aeration and 15.8 kWh/ (PE · a) by the other treatment steps and devices.
Data basis of energy consumption and production
For the pilot, WWTP electric data have been available in high quality for the main aggregates (15-minute increments for the year 2014). Power consumption was directly measured or could be calculated by analysing additionally operating hours and the mode of operation. Using the nominal power of the aggregates as a basis is not conducive because energy consumption is fluctuating on a daily level. The actual consumption differs from the nominal power and would overestimate the available flexibility significantly. On the basis of these data, a representative day (in 15-minute increments) in regard to actual energy consumption is generated for each aggregate and summarised in a time course. Seasonal variations in terms of influent water amount, influent load and heat demand etc. are neglected, but implicitly included by mean values (data covered over the whole year 2014) of the time series. Furthermore, fluctuations and variability of the results of the simulation model are better taken into account. Most aggregates are controlled anyway on a daily routine rather than controlled by input parameters. So it is anticipated as a sufficient database for further evaluation.
Evaluation of literature and own studies regarding flexibility Table 1 shows that there are only few published data referring to load-shifting on WWTPs. As stated before, the selection of criteria of the aggregates is not described in detail, instead it refers to assessments of the operating personnel. Furthermore, the focus of attention is on loadshedding, while powering up aggregates is not considered as feasible. Technical restrictions of the aggregates are unconsidered or generally considered as usable. Several methods in terms of characterisation of the aggregates in fixed time slots for switch-off times (5/15/30/60þ minutes) and/or just textual descriptions of possible obstacles are described, e.g. The utilisation of inlet pumps, wastewater pumps and centrifuges are confirmed as well in Thompson et al. (2010) and Aghajanzadeh et al. (2015) . Thompson et al. () . However, there is no unification or standardisation for requirements, procedure of selection or establishing of control parameters for the individual utilisation. Therefore, switch-off times were determined based on the operational experiences of three different WWTPs.
Characteristic values
To shift (electric) loads in a WWTP it is essential to know the technical restrictions of the usable devices (Figure 2 ) as well as their effects during the purification process. The main parameters originating from the energy sector are power output and how fast the full power-output is available (subsequently called start-up time and shut-down time). The consumption/feed-in gradient is determined by dividing the power output by its corresponding start-up/shutdown time. Furthermore, there are other parameters needed, taking into account limitations of the wastewater treatment. These parameters are regeneration time (required time between two sequences of switching a device on/off) and the duration an aggregate can be switched on or off with regard to the actual operation mode. For the analysis of the needed parameters for further utilisation in terms of flexibility of the aggregates, it is presumed that they still serve the purpose in the plant, e.g. an agitator should at least be active for 15 minutes to stir the tank and should not be activated or deactivated just by technical feasibility. Under these circumstances, the defined values for switching-on/off aggregates are estimated conservatively and could be technically below the stated values.
Procedure for identifying usable aggregates
Identifying possible aggregates is one of the critical steps in the course of developing aggregate management for WWTPs. For the pilot WWTP, basis data have been given in a first step in the form of a full aggregate list, energy consumption data and operating data. These data are usually gathered during energy optimisation studies of WWTPs and is easily available. In a second step, aggregates were chosen by intersecting these data with known literature data in terms of load-shifting studies and technical requirements as well as recommendations and verification of the operating personnel of the plant. This evaluation of primary data of the whole WWTP led to an examination in the form of detailed consideration of the preselected aggregates including their possible integration, emerging restrictions, total power output and the individual characteristic values. A simplified schematic description is given in Figure 3 .
RESULTS AND DISCUSSION
Identified aggregates
For the pilot WWTP, 18 aggregates have been identified for load-shifting and to provide flexibility ( Table 2 ). The provided values are the result of the identifying processes shown in Figure 3 and performed field tests as well as simulation results for the different aggregates on the plant. As stated before, continuous processes during the purification processes are more difficult to integrate than discontinuous processes, e.g. sludge treatment. Especially for devices with direct influence on the performance of the plant, control In terms of using the devices of the digester tanks, such as heating pumps, switch-off/-on times below 60 minutes are not critical due to the slow response time of the system. Calculations have shown that over a time period of 24 hours the temperature drop is below 1 W C (depending on thermal insulation). The temperature of the digester tank can be controlled very well and it could be probably even used as a 'power-to-heat'-device where energy can be stored in the form of heat during energy surplus, and the energy needed for heating can be shifted. Using aggregates from the digester tank is mostly restricted by local boundary conditions like sludge composition and procedural obstacles rather than technical restrictions. Providing flexibility on energy markets with CHP units and emergency generators is state of the art (ASUE ). Many new cogeneration units even include the communication technology for the connection to the VPP or pool operator to bear the incurred costs, resulting in no investment costs for plant operators. Maximum switch-off and switch-on times heavily depend on the size of the gas storage and an optimised timetable for using that flexibility without losses in gas utilisation. Aggregates with nominal power of 2-5 kW el are considered economically unfeasible if it is required to undertake additional investments or if they are difficult to implement in a management system. Furthermore, pool operators will not include devices below 50 kW el . On the basis of that fact a 'pre-pooling' with existing control technology at the plant of most aggregates is recommended and necessary to use the aggregates in connection with energy grids.
Control parameters
An important aspect of shifting loads is to restrict flexibilitycalls by establishing control parameters to protect treatment processes if it becomes necessary. As general control parameters for all aggregates, switch on/off times as well as the regeneration time stated in Table 2 are recommended. Furthermore, additional and more individual control parameters for each single aggregate are necessary (Table 3) . Especially, wet-weather conditions are pushing the related systems to their limits and narrow buffer capacities for flexibility options of the continuous processes like the grit chamber or return-sludge pumps significantly. Other restrictions are related to their individual operation mode, like non-interruptible sludge dewatering processes. CHP units and emergency generators are mainly limited by their gas/ fuel storage and warranty issues (e.g. max. switching cycles, reduced service life). Additional control parameters may be necessary on the basis of individual procedural aspects on the plant.
Review of control parameters
The suitability of the aggregates and their suggested control parameters are verified by a mathematical model (Activated Sludge Model 1) of the pilot WWTP using simba 6.4. Each critical aggregate is individually simulated either for loadshedding or power up energy demand to confirm the usability, to verify the control parameters, detect negative side effects, and ensure effluent quality. A whole year was simulated to consider the variability of the influent load to the WWTPs. Furthermore, some of the identified aggregates (aerators in the aeration tanks, return sludge pumps and recirculation pumps) are tested in real shutdown field trials at three different WWTPs to verify the model and the actual feasibility of the device. The tests are performed for 30, 60 and 120 minutes of shutdown (in dry weather conditions). Figure 4 shows the results of the field trials and the simulation of shutting down the aeration systems of the plant for 60 minutes. It is demonstrated for the pilot WWTP that shutting down the aeration systems is possible without significant loss in effluent quality by releasing 150 kW el electrical energy. The control parameter on this occasion is the NH 4 effluent of the aeration tank, which should not exceed 3 mg NH 4 /l. The NH 4 -effluent of the secondary treatment shows that there is no notable impact and the characteristic values and restrictions, presumed in a first approach, are confirmed (Figure 4) . For other WWTPs, the chosen values can be used as reference points and if necessary, adapted iteratively.
Calculated flexibility and utilisation
The results show that the overall energy consumption of the plant can be decreased with the considered aggregates by 24.4% of the overall energy consumption if no restriction is violated. With regards to powering up the CHP units, no external consumption would be necessary. For positive flexibility, an increase in energy consumption is possible up to 19.9%. By using the gained knowledge in their control system, the pilot WWTP was able to cut peak loads in their energy demand and could optimise their schedules with more flexible operation modes to save money and resources with small effort. Further integration of the aggregate management is planned.
Outlook
Further research is planned to improve the data basis for characteristic values and control parameters for additional aggregates. Based on the results of this study, the behaviour of the WWTP will be tested for calls of the energy market by means of data from the German control energy market in 2014 as well as for predicted market values in 2030. This will show the performance of WWTPs in providing ancillary services and how effluent quality will be affected by participation under present conditions. This information will be important to prove that the shown flexibility is not only important for internal energy management but WWTPs are able to act as both consumer and a producer and flexible player in future energy markets.
CONCLUSIONS
The results presented show that WWTPs have a significant potential to provide energetic flexibility. Even for vulnerable components, load-shifting is, with appropriate control parameters and reasonable time slots, possible without endangering system functionality. Of course, this has to be considered individually taking the local framework of the WWTP into account. Technical restrictions in terms of limiting start-up and shut-down times of the aggregates are not to be expected, but restrictions in terms of maximum switching cycles per day or reduced service life may occur. As a first step, the CHP units offer good opportunities to gain first experiences with energy markets. On the basis of existing experiences in reducing external energy demand and energy self-sufficiency efforts, know-how in adapting CHP schedules is widely spread, which will ease integration. Potentials for providing negative flexibility and ancillary services with CHP units in WWTPs are described in Schäfer et al. () . However, to identify and establish an aggregate management, it is essential to include the operating staff of the plant from the beginning. A working aggregate management is only feasible with individual and detailed knowledge of the particular WWTP and their cooperative personnel. In terms of approval by the plant operators, there is a lack of knowledge for innovative energy management.
Due to a missing monetary incentive system, participating in energy markets is not yet sufficiently attractive for plant operators. There are just a few research projects and even less published practical implementations on this topic, whilst energy self-sufficiency studies are very common. The stated results may provide assistance to create a basis for future endeavours. High reservations especially regarding effluent quality are widely spread, although an utilisation is possible under controlled conditions for certain plants. Such objections are appropriate and important because the primary task of the WWTP is purifying wastewater and is mandatory. Thus, additional long-term effects due to long shut-down times (e.g. phosphate resolution in aeration tanks or changes in the biocenosis) have to be investigated and require detailed monitoring. Nonetheless, potentials and approaches shouldn't be abandoned due to their innovative character. With a higher share of renewable energies, the demand and value of flexibility will increase and energy purchase will change to more volatile prices during the day and could lead to dynamic power purchasing agreements. Future consumers could have disadvantages due to their inflexibility in a field of flexible participants. This could trigger the needed incitements to deal with complex topics like energy management during day-to-day business. Therefore further research and practical experiences are necessary to implement aggregates of WWTP into smart control systems to provide the needed detailed data for a fast changing energy environment. thank the German Federal Ministry for Education, Research and Technologies (BMBF) for the financial support.
